We study spontaneous supersymmetry breaking induced by brane-localized dynamics in five-dimensional supergravity compactified on S 1 /Z 2 . We consider a model with gravity in the bulk and matter localized on tensionless branes at the orbifold fixed points. We assume that the brane dynamics give rise to effective brane superpotentials that trigger the supersymmetry breaking. We analyze in detail the super-Higgs effect. We compute the full spectrum and show that the symmetry breaking is spontaneous but nonlocal in the fifth dimension. We demonstrate that the model can be interpreted as a new, non-trivial implementation of a coordinatedependent Scherk-Schwarz compactification.
Introduction
Models with extra dimensions have attracted considerable attention because they provide a geometrical approach to the hierarchy problems that afflict modern particle physics: the gauge hierarchy and the cosmological constant. It is widely believed that (broken) supersymmetry may play a role in generating and stabilizing these geometrical hierarchies.
In this paper we study supersymmetry breaking induced by brane-localized dynamics in higher dimensional theories [1, 2] . (Related work can be found in [3, 4] ). For simplicity we consider compactifications from five to four dimensions on a S 1 /Z 2 orbifold, but the mechanism we describe can be extended to higher dimensions. We assume that the bulk contains pure five dimensional supergravity; the discussion can be generalized to include bulk vector multiplets and hypermultiplets as well. We imagine that tensionless branes are placed at the orbifold fixed points. The branes do not generate a warp factor, so the bosonic vacuum is flat.
In what follows we write down a five-dimensional action that describes bulk supergravity interacting with the vevs of the brane superpotentials. The action is invariant under the full set of supersymmetries that arise from the orbifold construction. Since the fifth dimension is compactified on an S 1 /Z 2 orbifold, the five-dimensional supersymmetries split into an infinite number of four dimensional supersymmetries. All but one are nonlinearly realized.
In this paper we study how brane-localized matter can spontaneously break the remaining N = 1 supersymmetry. Our construction is independent of the details of the brane physics; we simply assume that each brane has an effective superpotential, the remnant of some localized brane dynamics. We assume that each superpotential receives a constant expectation value (vev). The superpotential vevs do not affect the brane tensions, so our construction describes a scenario with vanishing F -and D-terms for the branelocalized matter. The construction reproduces the main features of gaugino condensation in M-theory [1] at the level of an effective five-dimensional Lagrangian.
The initial part of our discussion follows, albeit in a simpler context, the treatment of ref. [2] , which considered the effective five-dimensional supergravity that arises from Horava-Witten theory [5] . However, we go further in two important respects. First, we give a complete analysis of the super-Higgs effect and we derive the spectrum for all the Kaluza-Klein modes. Second, we apply the results of [6] and demonstrate that the model can be interpreted as a new, non-trivial implementation of a coordinate-dependent Scherk-Schwarz compactification [7] . We find that our brane action can be reproduced by generalized boundary conditions on the gravitino fields with field discontinuities at the orbifold fixed points.
At low energies, our five-dimensional theory reduces to spontaneously broken no-scale supergravity [8] , provided the supersymmetry-breaking mass splittings are small relative to the Kaluza-Klein scale. However, the order parameter for supersymmetry breaking is nonlocal in the fifth dimension [1] , and is proportional to the average of the super-potential vevs on the branes. This non-locality considerably ameliorates the instability problems [9] of standard no-scale supergravities [8] . (This was previously stressed in [10] for conventional Scherk-Schwarz compactifications.)
The bulk action and its spectrum
Our starting point is pure five-dimensional Poincaré supergravity [11] in its on-shell formulation. The supergravity multiplet contains the fünfbein e A M , the gravitino Ψ M and the graviphoton B M . The five-dimensional bulk Lagrangian reads
Unless otherwise stated, our five-dimensional notation is identical to ref. [12] ; our fourdimensional notation is the same as in ref. [13] . In particular, the five-dimensional coordinates are 
It is not hard to check that the bulk supergravity Lagrangian is invariant, up to a total derivative, under the following supersymmetry transformations,
The transformation parameter η(x M ) is a five-dimensional Dirac spinor. Here and hereafter, we neglect all three-and four-fermion terms.
In what follows, we take the fifth dimension to be compactified on the orbifold S 1 /Z 2 , obtained by the identification x 5 ↔ −x 5 . For convenience, we choose to work on the orbifold covering space, so we let x 5 vary in the interval [−πκ, πκ] . We define the bulk action to be
where the factor of (1/2) avoids double-counting equivalent points. We take our fields to be fluctuations off the following background,
where r = 0 is an undetermined real constant and all other background fields are assumed to vanish. (In principle, B 5 is a second undetermined real constant, but we set it to zero as well.) This background is a solution to the five-dimensional equations of motion. From (4) we deduce the relation between the four-dimensional Planck mass M 4 and
where R = r/M 5 is the physical compactification radius. We define the action of the orbifold symmetry in such a way that the action, the transformation laws and the background are all invariant. Decomposing the five-dimensional spinor Ψ, and its conjugate Ψ, into four-dimensional form, and following the convention that Ψ ≡ (ψ 1 α , ψ 2α )
T and Ψ ≡ (ψ 2 α , ψ 1α ), we assign even Z 2 -parity to 
and odd Z 2 -parity to e a 5 , e m5 , B m , ψ
From a four-dimensional point of view, the physical spectrum contains one massless N = 1 gravitational multiplet, with spins (2, 3/2), built from the zero modes of e a m and ψ 1 m ; one massless N = 1 chiral multiplet, with spins (1/2, 0), composed of the zero modes of ψ 2 5 , e 55 and B 5 ; and an infinite series of (short) massive multiplets of N = 2 supergravity, with spins (2, 3/2, 3/2, 1) and squared masses
The Kaluza-Klein tower gains mass through an infinite series of Higgs and super-Higgs effects, each occurring at its own mass level [14] . The Kaluza-Klein gravitons and graviphotons gain mass by eating the Fourier modes of the fields g m5 , g 55 and B 5 , while the massive gravitinos eat the Fourier modes of the field Ψ 5 . This is consistent with the fact that the parameter of five-dimensional supersymmetry, η(x M ), has an infinite number of Fourier modes. Each of the modes generates a supersymmetry; in the absence of matter, all but one are spontaneously broken. The broken supersymmetries implement an infinite series of super-Higgs effects for the massive gravitinos. The remaining supersymmetry is the N = 1 supersymmetry of the four-dimensional low-energy effective action.
Brane action and modified supersymmetry transformations
Having described the bulk action, we now construct the brane action. We are not interested in the details of the brane physics, so we imagine that the brane fields are integrated out, leaving a constant superpotential vev on each brane. We assume the physics is such that the tension vanishes on each brane. We shall see that the superpotential vevs can spontaneously break the remaining N = 1 supersymmetry.
In general, the physics is different on the two branes, so the superpotential vevs need not be the same. The brane action we adopt, in analogy with [1, 2] , is
where P 0 and P π are complex constants with the dimension of (mass) 3 which parametrize the vevs of the superpotentials.
It is not hard to compute the variation of the brane action using the transformations inherited from the bulk. We find
where D n η 1 contains the spin connection ω nab . In writing eq. (10), we exploit the fact that ω na5 vanishes on the branes, consistently with the bosonic jump conditions. The variation (10) can be cancelled by modifying the transformation laws of ψ 1,2 5 , δψ
where δψ 1,2 5 old is as in eq. (2) . With this new transformation, the bulk action is not invariant,
where again we exploit the fact that ω na5 vanishes at the fixed points. If we define the total action to be S = S bulk + S brane , δS bulk precisely cancels the brane variation δS brane , for any values of P 0 and P π .
The super-Higgs effect
In the previous section we constructed a five-dimensional bulk-plus-brane action that is supersymmetry invariant. The brane action is purely fermionic, so the superpotential vevs do not change the bosonic equations of motion. In particular, the branes remain tensionless, so the bosonic background does not warp.
In this section we study the supersymmetry breaking induced by the superpotential vevs. We give a complete description of the super-Higgs effect and the resulting spectrum for all the gravitino modes. The initial part of our discussion is close to the treatment of [1, 2] , but avoids many of the complications that arise from Horava-Witten theory, such as the additional moduli of the Calabi-Yau manifold, the warp factors, etc.
We start by searching for solutions to the Killing spinor equations, which are determined by the right-hand sides of the supersymmetry transformations, evaluated in the bosonic background. The only nontrivial equations arise from the variations of ψ . We find
These equations have no solution on the circle except when P 0 = −P π . In this case supersymmetry is preserved, and
is the Killing spinor for constant η; ǫ(x 5 ) is the 'sign' function defined on S 1 . When P 0 = −P π , there is no Killing spinor, and supersymmetry is broken spontaneously. The amount of supersymmetry breaking is fixed by the order parameter F = κ(P 0 + P π ).
This analysis indicates that the supersymmetry breaking is controlled by the vevs of the superpotentials on the two branes. These vevs are determined independently, by the physics on each brane, separated by a finite distance in the x 5 direction. In this sense the order parameter for supersymmetry breaking is nonlocal, as in [1] .
The non-locality of the order parameter makes it worthwhile to study in detail how the supersymmetry breaking is realized. In particular, one would like to identify the Goldstone fermion and investigate the super-Higgs effect. To see how this works, we focus on the fermion bilinears and set all the bosonic fields to their background values. We find
We then write this action in terms of four dimensional fields, which we define through a Fourier expansion:
In this expression, ψ + stands for (ψ ). The expansion is consistent with the boundary conditions and the Z 2 -parity assignments for the fields. We substitute these expressions into (15) and integrate over x 5 to obtain
This expression shows that the brane superpotentials induce a mixing between the different Fourier modes. This mixing considerably complicates the discussion of the superHiggs effect, as in [2] . For generic values of P 0 and P π , with P 0 = −P π , the fields ψ 
These transformations define the "unitary gauge": they eliminate all the terms containing ψ 
where α = (1 + κ 6 P 2 0 /4) −1/2 is a normalization. This form is consistent with the solution to the Killing spinor equations, which fixes the gravitino zero mode to be
The massless gravitino indicates that four-dimensional N = 1 supersymmetry is left unbroken. There is also one two-component massless fermion that is not absorbed by the super-Higgs mechanism. It is described by the combination
An additional linear transformation in the space (ψ
5 ) is needed to diagonalize the kinetic terms for the massless fermions.
In the appendix we derive the gravitino mass spectrum. We find:
where
Note that when P + = 0, the gravitino masses are shifted with respect to their supersymmetric partners. Moreover, the lightest gravitino has a non-vanishing mass. This shows that supersymmetry is indeed spontaneously broken.
Relation to coordinate-dependent compactifications
Our bulk-plus-brane construction gives a mass spectrum that is reminiscent of the conventional Scherk-Schwarz mechanism [7] , in which the bulk fields obey boundary conditions that are periodic up to a global symmetry of the five-dimensional theory.
3 For the case at hand, the gravitino mass eigenvalues exhibit a constant supersymmetry-breaking shift at each mass level, exactly as in the usual Scherk-Schwarz mechanism.
The analogy between the two cases is not limited to the fermionic spectrum. In both cases, the bulk bosonic fields have the same masses as when supersymmetry is unbroken, the bulk and brane contributions to the vacuum energy classically vanish, and the compactification radius is a classical flat direction (together with its super-partner, the axionic phase associated with the fifth component of the graviphoton).
There is, however, an important difference. In the conventional Scherk-Schwarz mechanism, the universal mass shift arises from a bulk mass term, constant along the x 5 direction. In our construction, the shift arises from mass terms localized at the orbifold fixed points. These localized masses induce mixings between all levels in the Kaluza-Klein decomposition. As we have shown in a companion paper [6] , a suitable generalization of the Scherk-Schwarz mechanism can account for these localized mass terms. The generalization makes use of twisted boundary conditions, as in the usual Scherk-Schwarz mechanism, but allows the fields to have cusps and discontinuities at the orbifold fixed points. As we shall see in this section, the bulk five-dimensional supergravity action, with gravitinos obeying twisted boundary conditions, is equivalent to the bulk-plus-brane action discussed in the previous sections, with periodic gravitinos.
For the case at hand, it is useful to recall that the bulk Lagrangian has a global SU(2) R invariance under which
T .] This allows us to consider five-dimensional gravitinos that are periodic up to the twist
consistent with the orbifold projection defined in eqs. (6) and (7). Gravitino fields that satisfy eq. (26) can be parametrized as follows,
where Φ M (x 5 ) is periodic and the function f (x 5 ) is such that
On the orbifold S 1 /Z 2 , the gravitino boundary conditions are characterized by the overall twist β and by the discontinuities of the function f (x 5 ) at the orbifold fixed points. Localized mass terms arise when the function f (x 5 ) is flat everywhere except at x 5 = (0, πκ),
Here γ is a real parameter and
is the 'staircase' function that steps by one unit every πκ along x 5 . The bulk Lagrangian is not invariant under the field redefinition of eq. (27). The terms containing derivatives with respect to x 5 generate a brane action (expressed in terms of the fields Φ M ) that is localized at the orbifold fixed points. The resulting action coincides with eq. (9) if we make the identification
Indeed, we find a full correspondence between the two approaches, even at the level of the supersymmetry transformations. Supersymmetry requires that we define a new set of periodic parameters ( η 1 , η 2 ),
twisted just like the gravitinos. It is easy to see that the supersymmetry transformations, expressed in terms of ( η 1 , η 2 ), are identical to those presented in section 3. This analysis shows that whatever dynamical mechanism gives rise to constant superpotentials on the branes, the supersymmetry breaking has a simple alternative description in terms of generalized boundary conditions on the gravitino fields. The supersymmetry breaking is non-local because the order parameter F ≡ β/κ 2 receives contributions from each fixed point. Moreover, it is spontaneous because every gravitino becomes massive via a super-Higgs effect.
One can further generalize the choice of f (x 5 ) made in eq. (29) by writing the total increment f (x 5 +πκ)−f (x 5 ) as the sum of discontinuities at x 5 = (0, πκ) and a contribution smoothly distributed along the bulk. This would give gravitino mass terms of two types: one localized at x 5 = (0, πκ), and the other constant in the bulk.
Conclusions and outlook
In this paper we presented a bulk-plus-brane action that describes spontaneously broken supersymmetry in 4 + 1 dimensions. Supersymmetry breaking is induced by the expectation values of superpotentials on tensionless branes. The order parameter for the supersymmetry breaking is nonlocal; it is determined by the average of the superpotential vevs on the two branes. The construction reproduces the main features of gaugino condensation in M-theory at the level of an effective five-dimensional Lagrangian.
We also showed that our construction is equivalent to a coordinate-dependent compactification on the orbifold S 1 /Z 2 , where the gravitino fields and their derivatives obey twisted boundary conditions and jump at the orbifold fixed points. The resulting spectrum is similar to that of a conventional Scherk-Schwarz compactification, but has a different dependence on the twist.
At low energies and in the limit of small supersymmetry breaking, the massive KaluzaKlein modes can be integrated out to give a four-dimensional effective action for the light graviton and radion supermultiplets. The calculation is relatively easy because the brane action only affects the fermionic fields. The bosonic action is a consistent truncation of the one for the zero modes of five-dimensional supergravity, compactified on a circle S 1 . It corresponds to a four-dimensional no-scale supergravity model with one chiral supermultiplet, whose interactions are determined by the usual SU(1, 1)/U(1) Kähler potential [8] . The fermionic terms are fixed by the Kähler potential, together with a constant superpotential whose value must be adjusted to match the mass of the lightest gravitino.
As is typical in models with extra dimensions and supersymmetry breaking, the flat directions are lifted by quantum corrections. Indeed, it is not hard to compute the oneloop effective potential for the radion R, including contributions from all the Kaluza-Klein modes. We find
where M 2 J denotes the squared mass matrix for the particles of spin J. For the case at hand, the graviton and gravitino masses are separated by the constant a/R, where
After performing a Poisson resummation we find
The result is finite, despite the divergence occurring at each level in the sum of eq. (34). Note that the potential has a minimum at vanishing R. In a more realistic model, a nontrivial minimum at a finite non-zero value of R can be obtained by adding matter with appropriate gauge and Yukawa couplings [15] . Note that the four-dimensional effective theory fails to explain the special ultraviolet properties of the model, connected with the non-local character of supersymmetry breaking. In the four-dimensional theory, one finds a quadratically divergent contribution to the one-loop vacuum energy. The Kaluza-Klein modes of the five-dimensional theory provide the appropriate cutoff for the four-dimensional calculation.
The work presented here is a first step towards a more complete understanding of bulkplus-brane supersymmetry breaking. In this paper, the Goldstone fermions are all bulk fields. In a more general scenario, the Goldstone fermions can involve brane fields as well. The presence of F -and D-terms on the branes might well induce non-vanishing brane tensions, which would then require that the bulk background be warped. Such scenarios are presently under investigation.
APPENDIX
The gravitino mass eigenvalues can be found by solving the five-dimensional equations of motion with the boundary conditions specified in section 5 (see for instance ref. [6] ), or by diagonalizing the gravitino mass matrix. In this appendix we take the second approach.
The infinite-dimensional gravitino mass matrix is easier to study after the following redefinitions:
This gives 
.).
The mass eigenvalues can be found by extending the techniques of ref. [16] . For simplicity, we take P 0 and P π to be real. Defining (E ≡ even, O ≡ odd)
and considering for the moment the dimensionless matrixM ≡ M 3/2 · R, the eigenvalue equations can be rewritten as P + a 0 + P + S E + P − S O = λa 0 , (n = 0) , P + a 0 + P + S E + P − S O = (λ + n)a − n , (n ∈ E) , P + a 0 + P + S E + P − S O = (λ − n)a + n , (n ∈ E) , P − a 0 + P − S E + P + S O = (λ + n)a − n , (n ∈ O) ,
After a series of manipulations we find:
S E = 2λ(P + a 0 + P + S E + P − S O )Σ E ,
where:
Solving (42) and (43) for S E and S O , and substituting into (41), we find: 
Reinstating the overall factor 1/R, we derive the mass eigenvalues at each Kaluza-Klein level, 
